The effects of densification on mechanical properties of xPbO(1-x)SiO2(x=0.33-0.67) glasses were investigated. Young's modulus and hardness were increased by densification for all the lead silicate glasses. However, the fracture tough ness was decreased by densification for the glasses with PbO contents larger than 40mol%. These changes in the mechanical properties by densification were considered to be related to the disappearance of voids of an atomic scale and the irreversible structural changes affecting the network bonding character after the high pressure treatment.
1.
Introduction Some oxide glasses such as SiO2 , B2O3, and P2O5 based glasses are known to show an increase in density even after the removal of the applied stress at room temperature. 1) This permanent densification characteristic for glass suggests the irreversible structural change taking place in an amorphous solid at the relatively low tempera tures below the glass transition, Tg. Such structural change induced by densification is considered to affect directly the mechanical prop erties such as elastic moduli or fracture behavior, which are sensitive to the bonding and packing states of the component atoms. Only few studies have been made on the structural changes and properties of densified glasses,2)-4) except those in the spectroscopic fields,5) since the densification treatment make often the samples cracked and powder-like. In this work, the effect of densifica tion on the mechanical properties was examined for lead silicate glasses, which were chosen because of the wide glass-forming region.6) were measured by the cube resonance method. The procedure of this method was described in detail elsewhere.7) A cubic specimen with an edge length of about 2mm was placed between the two PLZT transducers. The specimens were oscillated from one of the trans ducers and the resultant resonance frequencies were detected by another one. The elastic moduli were obtained from a series of resonant frequen cies. Temperature dependences of elastic moduli were also measured and a slope at room tempera ture was used for obtaining a temperature deriva tive. It also suggests that the atomic scale voids disappear with an increase of PbO content and the lead silicate glasses approach the crystalline state from the point of packing.
3.2
Hardness and elastic moduli Figure 3 shows the composition dependence of the change in Vickers hardness by densification treatment for lead silicate glasses.
The variation with PbO content below 50mol% shown in Fig. 3 is similar to that for the behavior of density in Fig. 2 . It indicates that the rate of increase in the number of bonds per unit volume by densification treatment becomes less with an increase of PbO 
content.
On the other hand, it is noted that the glass containing more than 50mol% PbO exhibits the increase in the variation, which is not seen in the variation of density. It seems that this increase is due to the other mechanism in addition to the increase of numbers of bonds per unit volume by densification treatment.
In the pre vious paper,6) the authors reported that the com position dependence of the elastic properties changed at the composition near 50mol% PbO. This behavior was explained in terms of the change in role of Pb2+ ion in glass structure from the network-modifier to the network-former when PbO content exceeded 50mol% . This change in role of lead ions with PbO content is considered to be responsible for the increase in variation with PbO content >50mol% as shown in Fig. 3 . The changes in Young's modulus by densifica tion were plotted in Fig. 4 . The compositional variation in Fig. 4 is quite similar to that for hardness shown in Fig. 3 . It is expected that glasses with PbO larger than 50mol% has both the increase in bond strength of Pb-O bonding by densification and the increase of number of bonds per unit volume. Figures 3 and 4 indicate that for the glasses containing PbO<50mol%, the con tribution of bond strengthening to the increase in hardness or Young's modulus is less than the glasses containing PbO>50mol%. It was also found that the bonding of the Pb-O network is mainly strengthened by densification and the Si-O bonding is not strengthened.
This remark was confirmed by the measurement of IR spectra as shown in Fig. 5 . The Si-O stretching bands are found to shift to lower frequencies by densifica tion in all the compositions.
A quite large strengthening of the Pb-O bonding must appear in order for the increase in elastic moduli with densification to be accounted for. All the temperature derivatives of densified specimens were negative, which was the normal behavior of elasticity. It is found from Fig. 6 that densification treatments
enhance the temperature dependence of elastic properties in the lead silicate glasses, especially in SiO2-rich glasses. This would indicate that Si-O bond is more subjected to the pressure induced change than the Pb-O bond. This is probably caused by the flexibility of Si-O-Si bond angle.9) In general the softer glasses have the larger temperature dependence of elastic properties because of their shallow potentials in bonding as well as the thermal expansivity. The degree of the IR peak shift to lower frequencies for the Si-O stretching mode was maximum for the 33mol% PbO-containing glass; 35cm-1 for 33PbOmol%, 9cm-1 for 40PbOmol%, 10cm-1 for 50PbOmol%, 9cm-1 for 67PbOmol%. This change corresponds to that of the temperature derivative of Young's modules for the SiO2-rich glass by densification.
3.3 Fracture toughness Figure 7 shows the variation of the change in fracture toughness by densification. Clearly, the 
Summary
The densification treatment was conducted on the lead silicate glasses in order to elucidate the effect of densification on the mechanical prop erties and glass structure.
The degree of densi fication for the lead silicate glasses was found to decrease with increasing PbO content, suggest ing that the atomic scale voids disappear with an increase of PbO content.
Young's modulus and Vickers hardness were increased by the densifica tion treatment for all the lead silicate glasses. The temperature derivatives of Young's modulus for all the densified silicate glasses were higher than those before densification, especially re markable in the SiO2-rich region.
The fracture toughness was decreased by densi fication for the glasses with PbO>about 40 mol%.
The fracture surface energy showed a similar compositional change to the fracture toughness.
The densification treatment was ex pected to make it difficult for the irreversible energy-absorption process to take place near the crack tip in the densified glass.
